Background: MicroRNAs have emerged as important regulatory non-coding RNAs that tune cellular responses to physiological perturbations and
MicroRNA (miRNA) molecules are short, non-coding RNAs that mediate RNA silencing and post-transcriptional regulation of gene expression. They are transcribed by RNA polymerase II as long primary transcripts that are capped, polyadenylated, and spliced, thus resembling conventional mRNAs. However, unlike mRNA, the active region of the miRNA is contained within a 70-nucleotide hairpin structure that forms within the RNA transcript. The hairpin is cleaved by the endonuclease enzymes Drosha and Dicer to yield a z22-nucleotide double-stranded RNA (dsRNA) [1] . This RNA product, referred to as the 'mature' miRNA, resembles a small-interfering RNA (siRNA) and is assembled into the RNA interference (RNAi)-effector complex known as RISC (RNAinduced silencing complex). The miRNA directs RISC to partially complementary mRNA sites by base-pairing [2] . Consequently, the expression of targeted mRNAs is blocked either by translational repression or by mRNA degradation [3, 4] . In this way, a cell can use the RNAi pathway to regulate the expression of many genes simply by transcribing the appropriate miRNA. In addition to the canonical miRNA pathway, a fundamentally different mode of action has been proposed in which coding transcripts, transcribed pseudogenes, and long non-coding RNAs, collectively referred to as "competing endogenous RNA" (ceRNA), "talk" to each other using miRNA response elements (MREs) [5] . This model proposes that highly expressed MRE-containing RNAs act as "sponges" to titrate miRNAs away from other normal targets and thereby form a large-scale regulatory network across the transcriptome. Experimental evidence for such a ceRNA crosstalk was initially described for the tumor-suppressor gene PTEN, which appears to be regulated by the abundance of its pseudogene (PTENP1) in a Dicer-dependent manner [6] . Additional reports have identified other ceRNAs as physiological regulators, including a long non-coding RNA, which regulates muscle differentiation [7] and an overexpressed 3 0 untranslated region (3 0 UTR) that induces cancer in transgenic mice [8] . However, quantitative analyses of miR-122 target gene expression in response to increased intracellular target site abundance through controlled overexpression of a miRNA target in hepatocytes and livers showed that profound forced overexpression of a miRNA-binding target is required to increase the target-site abundance sufficiently to achieve derepress the miRNA [9e11]. Furthermore, even in extreme metabolic stress conditions, global target-site abundance of hepatocytes did not change sufficiently to affect miRNA-mediated repression. By extrapolation, these observations also hold true in pancreatic islets of metabolically stressed mice. These quantitative studies make it unlikely that miRNA target abundance in primary differentiated cells cause significant effects on gene expression and metabolism through a ceRNA effect. One exception of a naturally occurring ceRNA is circular RNA (circRNA) CDR1as/ciRS-7 with >60 closely spaced sites to miR-7 [12, 13] . This non-coding RNA is highly expressed in the hippocampus and other parts of the central nervous system (CNS). However, miR-7 copy numbers per pancreatic b-cell far outnumber its binding sites of CDR1as/ciRS-7 (unpublished data), making it unlikely that this circRNA can act as a physiological sponge in pancreatic b-cells. In addition, very few other circRNAs contain more miRNA-binding sites than expected by chance [14] , making endogenous sponges an unlikely scenario of widespread miRNA regulation.
THE COLLECTIVE ROLE OF MIRNAS IN PANCREATIC

b-CELLS
The pancreatic b-cell is the sole cell type to store and release insulin in response to metabolic demand and the loss of b-cell function and number underlies much of the pathology of diabetes [15] . In type 1 diabetes (T1D), a deranged immune system leads to an autoimmune attack resulting in destruction of the b-cell population. Type 2 diabetes (T2D) is typically preceded by insulin resistance and accompanied by an inability of liver, muscle and adipose tissue to respond to the normal actions of insulin [16] . To compensate for insulin resistance, pancreatic b-cells increase their production and secretion of insulin; however, b-cell function eventually declines and insulin secretion becomes inadequate. This phenomenon is referred to as b-cell decompensation and involves many molecular defects in glucose sensing, intracellular intermediary metabolism and coupling to membrane potential, insulin synthesis, processing and secretion, b-cell differentiation, proliferation and cell survival [15] .
There is increasing evidence that miRNAs in pancreatic b-cells are important posttranscriptional regulators of gene expression that mediate various stress responses in disease. Conditional deletion of the miRNA processing enzyme Dicer has enabled the study of reduced or absent miRNA activity in a cell type-specific and temporal manner. The overall contribution of miRNAs to pancreatic development was investigated by employing Pdx1-Cre mediated deletion of Dicer at ze9.5. Mutant mice survived until birth but failed to grow and died postnatally due to a defect in all pancreatic lineages, with the most pronounced reduction in endocrine cell types, including pancreatic b-cells [17] . This developmental defect can at least in part be attributed to abnormal Notch signaling, which is known to inhibit the expression of neurogenin 3 (Ngn3) and thereby constrains endocrine differentiation in the developing pancreas. Indeed Ngn3 levels were dramatically reduced in the pancreas of e15.5 Pdx1-Cre Dicer fl/fl embryos and this downregulation was associated with an increase in the Notch signaling target Hes1 [17] . These data convincingly demonstrate that miRNA expression is required for endocrine pancreatogenesis. The role of miRNAs during islet cell specification from endocrine Ngn3-positive precursor cells has also been investigated in mice where expression of Cre recombinase was controlled by the Ngn3promoter, leading to conditionally deleted Dicer fl/fl alleles in endocrine progenitor cells. These mice develop a similar but slightly more attenuated phenotype than the Pdx1-Cre Dicer fl/fl, including structural and functional defects in the neonatal period characterized by altered islet morphology, loss of hormone expression and reduced b-cell mass.
Interestingly, Dicer1-deficient islet cells expressed many neuronal genes, supporting a model in which miRNA pathways control key transcriptional networks required for suppressing neuronal fate during the maintenance and maturation of newly specified endocrine cells [18] . Two independent studies used a similar genetic approach to investigate the collective role of miRNAs during late embryonic and postnatal development by genetic deletion of a conditional Dicer allele using transgenic mice, in which the Cre recombinase is controlled by the insulin promoter [19, 20] . These mice exhibit normal fetal and postnatal b-cell development and have normal insulin secretion at 2 weeks of age; however, they develop progressive hyperglycemia and overt diabetes in adulthood. Phenotypic characteristics also included altered islet morphology, reduced insulin granules and secretion and decreased b-cell mass. In a third study, Dicer was inactivated in adult mice by the tamoxifen-inducible Pdx1-CreER transgene. These mice develop impaired insulin secretion prior to changes in b-cell mass and pancreatic insulin content. This study also clearly established that b-cell apoptosis at least partially contributes to the decline in b-cell number [21] . Since genetic ablation of Dicer leads to the loss of most miRNAs it is expected that the expression of many gene networks would be affected. Hence these studies are not very informative in determining the role of individual miRNAs in endocrine organ development, cell lineage specification, or b-cell function in adulthood and in response to pathological stress. However, the pancreatic Dicer mutant mice have provided evidence for the notion that miRNAs function to buffer pathway activity by dampening expression of both positive and negative regulators, thereby preventing the expression of 'disallowed genes' and inhibiting stochastic fluctuations in signaling pathways [22, 23] . A small group of genes in pancreatic b-cells that are abundantly expressed in most, if not all, other mammalian tissues are highly selectively repressed, among them monocarboxylate transporter-1 (MCT-1/Slc16a1), a carrier of the potent insulin secretagogue pyruvate [24] , Maf (cMAF), an enhancer of glucagon expression in a-cells [25] , Pdgfra, a receptor tyrosine kinase that regulates b-cell proliferation [26] , ornithine aminotransferase (Oat), a mitochondrial enzyme that controls the production of the signaling molecule glutamate [27] , Fcgrt, a Fc receptor that mediates the selective uptake of immunoglobulin G, and insulin-like growth factor binding protein (Igfbp4), which inhibits insulin-like growth factor (IGF) signaling [21, 28] . These transcripts are all targeted by miRNAs that are highly expressed in b-cells and were markedly increased in Dicer Pdx1-CteER mice [20] .
This analysis highlights the general role of miRNAs as an additional layer of negative gene regulation and specifically how they contribute to the maintenance of pancreatic b-cell function by buffering or even shutting down a subset of 'disallowed' genes that would otherwise promote b-cell dedifferentiation and impair insulin secretory capacity and b-cell survival.
MIRNA EXPRESSION IN PANCREATIC ISLET CELLS OF HEALTHY AND DIABETIC SUBJECTS
Changes in miRNA levels may reflect physiological or pathological responses of pancreatic islets to constantly changing metabolic environments. miRNA profiling in mouse models of insulin resistance/ diabetes and in islets of healthy and type 2 diabetic donors has revealed signature patterns of miRNAs that may be diagnostic for distinct defects of pancreatic islet function. In Table 1 , we present the most highly expressed miRNAs in human and mouse pancreatic cells as identified by six profiling studies [29e 32]. The shaded cells indicate miRNA families (identified as miRNAs sharing a common seed sequence, as listed in Targetscan Release 7.1) that are found in at least all of the b-cell and islet data sets. It is important to examine the expression of miRNA families as a functional unit and not only that of individual miRNAs, as a common seed sequence imparts functional homology to the members of a family. Of these 13 consistently identified miRNA families, one (miR-29) is absent in a-cells and another (miR-127) is absent in MIN6 cells. While many miRNA families are consistently detected, their relative expression varies substantially across studies. Furthermore, several miRNA [29,31,33e38] . This is not an exhaustive list and it does not cover the many studies performed in cell lines, as these exhibit abnormal miRNA and transcript levels that may not precisely reflect physiological regulation. The heterogeneity of results between these studies is striking; while five families (miR-132/212, miR-148/152, miR-15/16/195/322/497, mir-146, and miR-34/49) are upregulated in at least 4 of the 11 studies and 6 families (miR-210, miR-184, miR-203, miR-338, miR-378, and miR-23) are downregulated in at least 4 of the 11 studies, 66 families are unique to a single study. Interestingly, only one of the consistently regulated families (miR-23) was also found in the human islet sample data sets, likely due in part to the limited number miRNAs that were significantly regulated in these studies. This discrepancy of data may be due to distinct patho-physiological mechanisms underlying the range of conditions but other variables such as differences in islet isolation procedures, culturing protocols and miRNA profiling technologies (arrays, qPCR, and small RNA seq) may also account for some of the disparities. The data in summarized in Table 2 have been obtained via hybridization-based array, quantitative real-time PCR, and small RNA sequencing. The varying attributes of these technologies can greatly influence the reproducibility of data, an issue which has been demonstrated by systematic cross-comparison of results from the same samples across platforms. For example, out of 136 total miRNAs identified as 'regulated' in five assays (deep sequencing and four microarrays), only 53 were common to all five [39] . Another study detected 175 miRNAs by microarray, of which only 126 were also detected by small RNA sequencing [40] . It should be noted that Table 2 only includes the top 20 regulated miRNAs from each study, and therefore the above observations do not represent a comprehensive statistical analysis of the data but rather a general illustration of the differences across studies. Nonetheless, if some of the uniquely identified miRNAs were statistically regulated in other studies, the fact that they don't appear in the top 20 still attests to the inconsistency of results. Lastly, it is interesting to note that the most regulated miRNAs are not necessarily the most abundant. For example, miR-184 was downregulated in 7 studies in Table 2 , but is only found in the top 50 miRNAs in three of the six studies we (Table 1) . Even large relative changes in the levels of poorly or modestly expressed miRNAs may produce minor absolute changes in miRNA copy number per cell that are insufficient to impact on target gene expression. Therefore, the significance of relative gene expression changes must be interpreted with caution, and the biological impact be validated experimentally. The miR-148/152 family is notable as it is the only family which appears consistently in the top 50 expressed miRNAs (Table 1) as well as in the top 20 upregulated miRNAs in disease conditions (Table 2) . miR-148 regulates insulin synthesis in MIN6 cells and primary islets through regulation of the insulin repressor SOX6 [41] . miR-26, another highly expressed miRNA (Table 1) , also regulates insulin transcription in vitro and ex vivo [41] . However, this miRNA was not among the top regulated in any studies in Table 2 , leading one to question whether its contribution to b-cell function is relevant in pathophysiological conditions. In the case of some of the most highly expressed miRNAs, whether they play an important role in b-cells remains elusive. For example, miR-27 is one of the consistently top expressed miRNAs in the islets and was downregulated in three disease models (Table 2 ) but does not have known functions in the b-cells. As miR-27 is known to regulate TGFb signaling in fibroblasts [42] , it could be speculated that this same regulatory network may influence b-cell proliferation and function. miR-127 is another highly expressed miRNA that has been found to correlate with b-cell function in humans [43] . However, its role has yet to be tested in functional studies and it is also not among the top regulated miRNAs in any of the studies in Table 2 . The let-7 family is also highly expressed in pancreatic cells and is upregulated in two disease conditions (Table 2) . However, its role in b-cells is unclear as global let-7 overexpression in mice has been shown to attenuate glucose-stimulated insulin secretion in one study [44] while a second study observed increased insulin secretion during a glucose tolerance test in mice overexpressing let-7 [45] . In sum, several of the most highly expressed miRNA families in b-cells remain to be thoroughly investigated and their exact roles and mechanisms may be clarified through b-cell-specific manipulation in vivo. [116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126] .
MIRNAS REGULATING DIFFERENTIATION AND FUNCTION
that miRNA loss-of-function rarely results in highly penetrant phenotypes, but rather, influences cellular responses to physiologic and pathophysiologic stresses. One notable exception was revealed upon genetic inactivation of miR-375, the most highly expressed and b-cellenriched miRNA, which led to overt diabetes. This was due in part to increased and decreased a-and b-cell mass, respectively, and concomitant with altered hormone levels, which form the primary basis for the hyperglycemia [15] . Interestingly, miR-375 also regulates stimulus secretion coupling and exocytosis through mechanisms that are still not entirely understood. Overexpression of miR-375 in vitro reduces insulin secretion by inhibiting insulin exocytosis with no adverse effect on more proximal events such as glucose metabolism. Bioinformatic and experimental target gene analysis of miR-375 has identified several candidates that impact insulin secretion: vesicle transport through interaction with tSNAREs yeast homologue 1A (Vti1a), V-1/myotrophin (V-1/Mtpn), p38 mitogen-activated protein kinase (Mapk14), monocarboxylic acid transporter member 8 (Slc16A2) and Max interacting protein-1 (Mxi1). Of these, Mtpn and Vti1a showed the strongest regulation upon experimentally altering expression of miR-375. Furthermore, overexpression and silencing of Mtpn correlate with insulin secretion, further strengthening the evidence of this gene as an important miR-375 target in b-cell function (38) . miR-375 may also directly target PDK1 transcripts and reduce its protein levels. PDK1 is a key molecule in PI3-kinase signaling and repression results in a decreased ability of the b-cell to upregulate insulin gene expression and DNA synthesis in response to glucose stimulation [46] While selective re-expression of miR-375 in b-cells of miR-375KO mice normalizes both a-and b-cell phenotypes as well as glucose metabolism, mice with a 2-fold overexpression of miR-375 unexpectedly exhibit normal b-cell mass and function [47] . The discrepancy between the in vitro and in vivo overexpression data may be explained by the higher expression of miR-375 in mouse islets (compared to MIN6 cells and dissociated b-cells), where it may already attain maximal repression of target genes responsible for regulating insulin secretion. Indeed, no downregulation of established targets such as Mtpn or Vtia was observed in islets of mice overexpressing miR-375.
Another important miRNA for b-cell function is the highly expressed miR-7 family, encoded by three unlinked miRNAs (miR-7a1, miR-7a2 and miR-7b) whose mature forms have identical nucleotide sequences in humans. The miR-7 family is a prototypical neuroendocrine miRNA with highest levels in the pituitary, pancreatic islets, hypothalamus and adrenal glands [48, 49] . miR-7 has been shown to be regulated by the circular RNA 'ciRS-7', which is most highly expressed in the brain [12, 13] . A recent report indicates that ciRS-7 may also be functional in pancreatic b-cells, where it regulates insulin gene transcription and secretion through changes in miR-7 activity [50] . However, this finding was based upon an in vitro overexpression model and the physiological relevance of ciRS-7 in b-cells should be confirmed using genetic knockout (KO) models. miR-7 levels are reduced in islets of insulin resistant and obese mice (HFD; ob/ob mice on C57BL/6 background) that are euglycemic due to the compensatory secretion of insulin and increased b-cell mass.
These findings were corroborated in prediabetic obese human subjects. In contrast, hyperglycemic rodent models (db/db on BLKS background; non-obese GK diabetic rats), with decompensated b-cell function exhibit increased miR-7 levels [51, 52] . This correlation of miR-7 levels with the diabetogenic state was also confirmed in a transplantation model in which healthy human islets were grafted under the kidney capsule of mice. These animals were maintained either on chow or on HFD to induce b-cell failure. In this experimental setting, human transplants exposed to an obesogenic environment for 12 weeks display clear signs of b-cell failure, with significantly higher glucose and lower circulating human C-peptide levels. Levels of miR-7 were more than 50% downregulated in HFD grafts at 6 weeks of diet, but increased after 10 weeks compared with chow diet transplants e and correlated with the diabetic/decompensation phenotype of these mice [52] . Together, the unique and dynamic regulation of miR-7 in pancreatic islets in response to metabolic stress suggests that it plays a key role in the functional adaptation/decompensation of b-cells and development of T2D. The functional consequences of miR-7 overexpression in pancreatic b-cells was investigated in two studies that revealed identical phenotypes of b-cell dedifferentiation and overt diabetes [51, 53] , demonstrating that this miRNA plays an essentially contrasting role to that of miR-375 in b-cells. Mice expressing miR-7a under the control of the insulin promoter had reduced levels of its target Pax6 and exhibited molecular changes resembling those in haploinsufficient mutant Pax6 mice, such as downregulated expression of endocrine pancreatic identity markers and a marked decrease in insulin content. Conversely, miR-7 knockdown resulted in Pax6 upregulation and promoted b-cell differentiation. Furthermore, Pax6 downregulation reversed the effect of miR-7 knockdown on insulin promoter activity [53] . Studies of b-cell specific miR-7aKO mice also exhibited increased glucose tolerance and insulin secretion in response to an intra-peritoneal glucose challenge due to augmented b-cell function by directly regulating genes that control late stages of insulin granule fusion with the plasma membrane and ternary SNARE complex activity [51] . Direct targets that likely mediate enhanced insulin granule exocytosis included Snca, Cspa, Cplx1, Pkcb, Basp1, Pfn2, Wipf2, and Zdhhc9, all critical components of the exocytotic insulin granule machinery. Electrophysiological studies provided supportive evidence revealing that miR-7a does not affect total numbers of insulin granules per cell or the number of docked granules; rather, it appears to modulate the release competence of insulin granules already in place. These studies collectively demonstrate that miR-7 is a stress responsive miRNA that regulates an interconnecting genomic circuit influencing b-cell differentiation and insulin granule exocytosis, together affirming a role for miR-7 in the adaptation of pancreatic bcell function in obesity and T2D. Several other studies, performed in pancreatic b-cell lines and primary cells have suggested roles of miRNAs in insulin secretion. miR-218 and miR-322 have been shown to regulate syntaxin binding protein1 (Stxbp1), which modulates the folded conformation of syntaxin 1A that plays an essential role in vesicle trafficking and insulin granule exocytosis [54] . Interestingly, Syntaxin-1a itself and granulophilin are also direct targets of miR-29a and miR-9, respectively, in b-cells [55, 56] , suggesting that components of the secretory machinery are under tight control of miRNAs. In addition to regulating insulin exocytosis, miRNAs also play a more upstream role in the control of insulin secretion (Figure 1) . Intracellular glucose metabolism, a key feature of glucose sensing and insulin secretion, is facilitated by the rate-limiting glucose sensor glucokinase (GCK) and the low-affinity glucose transporter GLUT2, which control intracellular ATP levels by controlling glucose-6-phosphate availability for glycolysis and ATP production. ATP inhibits the K ATP channel leading to membrane depolarization, and increased intracellular Ca 2þ influx, which then directly triggers the fusion of the insulin granule with the plasma membrane [57] . Interestingly, miR-206 has been detected in GCK-expressing tissues and its expression is increased in response to HFD-feeding. Chow-and HFD-fed miR-206 KO mice have improved glucose tolerance and glucose-stimulated insulin secretion (GSIS) with no changes in insulin sensitivity. The Gck 3 0 UTR harbors a conserved 8-mer miR-206 binding site which was found to be functional in reporter and GK activity assays [58] . Although data from the global miR-206KO strongly implicates miR-206 as a negative regulator of GCK, there are phenotypic traits that cannot easily be explained by a b-cell autonomous effect, including the reduced body weight of KO mice on chow and HFD. It will be interesting to investigate miR-206 in other tissues such as the CNS and muscle, where expression of this miRNA is higher than in b-cells and liver. It can be speculated that GCK is a disallowed gene in the muscle due to miR-206 inhibition, thereby enabling functional replacement of GCK with hexokinase II (HK2), which differs in its property of end product inhibition by glucose-6-phosphate to prevent uncontrolled glycolysis. The conserved miR-184 has also been shown to regulate compensatory insulin secretion during insulin resistance. This miRNA is silenced in genetic and diet-induced mouse models of obesity and its expression is rescued upon subjecting mice to a low carbohydrate ketogenic diet [59] . Interestingly, knockdown of glucokinase resulted in increased expression of miR-184, suggesting that b-cells activate the expression of this miRNA to suppress insulin release when either glucose sensing or glycolysis is attenuated. The regulatory function of miR-184 is complex and not completely understood, however, experimental evidence points toward the functional regulation of its target Argonaute2 (Ago2), a component of the miRNA-induced silencing complex, and via mitochondrial substrate flux in the b-cell by suppressing the target Slc25a22 [31] . Other miRNAs have been suggested to regulated the process of insulin synthesis ( Figure 1) ; members of a miRNA family miR-25 and miR-92a have been implicated in insulin expression by gain and loss of function studies in cell lines which respectively resulted in reduced and enhanced glucose-stimulated insulin expression and secretion. This regulation may be mediated through miR-25 and miR-92a binding sites in the insulin transcript that overlap with the site of the RNA binding protein of PTBP1, a known stabilizer of insulin transcripts and enhancer of translational efficacy [60] . Transcription factors represent another opportunity for miRNAmediated regulation of b-cell functions (Figure 1 ). These factors play a crucial role in orchestrating the intricate pathways of cellular growth and differentiation by regulating the rate of transcription of an array of genes. Genetic and biochemical studies have begun to unravel the complex cascade of factors that controls the proliferation and differentiation of cells in the developing pancreas and during adult life. Several studies suggest that miRNAs form an additional layer of regulation that contributes to the robustness of these networks. As mentioned earlier, the highly expressed miR-7a is a critical regulator of Pax6 in pancreatic b-cells, thereby maintaining the differentiation state of these cells during metabolic stress [51, 53] . Expression of miR-24 is induced by palmitate in MIN6 cells and isolated primary islets and ectopic expression of miR-24 resulted in failure of b-cell function. This response may have been caused by the direct regulation of the MODY genes TCF1 and NEUROD1, since silencing either of these targets mimicked the cellular phenotype caused by miR-24 overexpression, whereas restoring their expression rescued b-cell function [61] .
The transcription factor NeuroD1 has also been reported as a direct target of miR-30a-5p, which is increased in b-cells after exposure to glucotoxic conditions. Experimental overexpression of this miRNA in vitro reduced insulin content and gene expression as well as glucose-stimulated insulin secretion, whereas the restoration of NeuroD1 expression via silencing of miR-30a-5p or overexpression of NeuroD1 rescued b-cell function. Furthermore, glucose tolerance and b-cell dysfunction improved when a recombinant adenovirus expressing si-30a-5p to inhibit miR-30-5p was administered into the coeliac artery of diabetic mice [62] . These studies suggest that NeuroD1 is targeted post-transcriptionally by multiple miRNAs. The basicleucine zipper transcription factor MafA is also an important b-cell enriched protein that functions as a differentiation factor and potent transactivator of the insulin gene. It is a highly regulated protein, whose expression and DNA binding activities diminish in acute hyperglycemic conditions and diabetes as well as in Thioredoxin-interacting protein (TXNIP) knockout mice [63] . MafA is directly regulated by miR-204, which itself is activated in diabetic conditions. This study reveals a TXNIP-miR-204-MAFA-insulin axis that may contribute to diabetes progression and should be further investigated using genetic models [63] . The neuron-specific miR-124a has been reported to regulate the expression of Foxa2 and its downstream target Pdx-1. Foxa2 is a master regulator of pancreatic endoderm development and of genes involved in glucose metabolism and insulin secretion. Investigations in cell lines indicate that miR-124a-2 modifies basal and glucose-or KClstimulated intracellular free Ca 2þ concentrations without affecting the secretion of insulin, consistent with an altered sensitivity of the b-cell exocytotic machinery to Ca 2þ [64] . However, the physiological role of miR-124 in pancreatic b-cells has been questioned by deep RNA sequencing studies in islets and primary b-cells which revealed that this neuron-enriched miRNA either absent or among the lowest expressed miRNAs in the adult endocrine pancreas and that its higher expression in MIN6 and INS1 cell lines is due to a partial differentiation towards neuronal cell lineages [32, 65] .
MIRNAS AND b-CELL PROLIFERATION
The maintenance of b-cell mass throughout life is a highly regulated process that is essential to preserve normal glucose homeostasis during aging. Defects in pancreatic b-cell proliferation alter islet cell composition over time, and can contribute to the hyperglycemia that characterizes the diabetic state. The dynamic adaptation of b-cell mass in adult life is influenced by various metabolic stresses, which control the balance between proliferation and apoptosis. Several miRNAs have been implicated in this process. For instance, the genetic ablation of the most abundant miR-375 induces progressive hyperglycemia and decreased pancreatic b-cell mass as a result of impaired proliferation [15] . These mice also have increased a-cell numbers and hyperglucagonemia in the fasted and fed state, which likely contributes to the hyperglycemia. Interestingly, the a-cell phenotype can be completely rescued by a transgene expressing miR-375 from the insulin promoter, suggesting that the increased a-cell activity in miR-375KO mice is secondary to a b-cell autonomous defect. The b-cell proliferation phenotype in miR-375KO animals is exaggerated in pancreatic islets of obese mice (ob/ob) in which miR-375 is genetically deleted. These animals exhibit a profoundly diminished proliferative capacity of the endocrine pancreas that results in a severely diabetic state and ultimately death [15] . In silico bioinformatic analysis and transcriptomic RNA sequencing data from 375KO islets revealed that this miRNA regulates a cluster of genes controlling cellular growth and proliferation (caveolin1 (Cav1), inhibitor of DNA binding 3 (Id3), Smarca2, Ras-dexamethasone-induced-1 (Rasd1), regulator of G protein signaling 16 (Rgs16), eukaryotic elongation factor 1 epsilon 1 (Eef1e1), apoptosis-inducing factor, mitochondrion-associated 1 (Aifm1), cell adhesion molecule 1 (Cadm1), HuD antigen (HuD), complement component 1 q subcomponent binding protein (C1qbp), and gephyrin (Gphn)). These data provide genetic evidence that miR-375 is essential for normal glucose homeostasis, a-and b-cell turnover, and adaptive b-cell expansion in response to increasing insulin demand in insulin resistance [15] . Other studies have reported potential pro-and anti-proliferative roles of miRNAs in b-cells [66e70] . These studies were performed in cell lines or primary b-cells in vitro and thus their impact on pancreatic b-cell compensation in response to chronic metabolic stress will need to be studied in vivo.
MIRNAS AND b-CELL SURVIVAL
Increasing evidence from animal models and humans indicates that apoptosis is the main mode of b-cell death leading to T1D, and that it also leads to decreased b-cell mass in T2D [71, 72] . conditions [77] . Gene expression analysis of islets from gain-and lossof-function mice identified Dnajc3, Jazf1, Rps6kb1 and Xiap (which encode anti-apoptotic proteins), and Dusp26 (which encodes a prosurvival signaling protein) as direct targets, suggesting that these miRNAs promote b-cell survival. These studies also found that the tumor suppressor, Trp53, is regulated by miR-200, and that ablation of Trp53 or its downstream target, Bax, prevents miR-200-induced apoptosis of b-cells and the resultant T2D phenotype. Importantly, silencing of miR-200c with inhibitory antagomirs reduced the expression of pro-apoptotic genes that are induced by cytokines and associated with T2D in islets [77] . Together, these studies strongly implicate the miR-200 family in programmed cell death of pancreatic islets as a response to oxidative and endoplasmic reticulum stress.
Pancreatic b-cell death can be caused by direct interaction with activated macrophages and T-cells, and/or exposure to soluble mediators secreted by inflammatory cells, including cytokines, nitric oxide (NO), and oxygen free radicals (75) . In vitro exposure of b-cells to IL-1b or to IL-1b plus interferon (IFN)-g causes functional changes in pancreatic function similar to those observed in pre-diabetic patients. Prolonged exposure to of a combination of IL-1b plus IFN-g and/or tumor necrosis factor (TNF)-a consistently leads to b-cell death [73] .
Our increasing knowledge of cytokine signaling pathways that trigger b-cell apoptosis and experimentally robust readouts have led to several studies investigating the influence of miRNAs on apoptotic signaling pathways. A miRNA expression profile on human islet preparations exposed to the cytokines IL-1b plus IFN-g identified 57 miRNAs that were modulated by cytokine exposure. Three of them, miR-23a-3p, miR-23b-3p, and miR-149-5p, were downregulated by cytokines and found to regulate the expression of the proapoptotic Bcl-2 proteins DP5 and PUMA and human b-cell apoptosis [36] . These results identify a novel cross talk between a key family of miRNAs and proapoptotic Bcl-2 proteins in human pancreatic b-cells, broadening our understanding of cytokine-induced b-cell apoptosis in early T1D.
Thioredoxin-interacting Protein (TXNIP) is a key regulator of diabetic b-cell apoptosis as TXNIP inhibition prevents diabetes in mouse models of T1D and T2D. TXNIP expression is differentially regulated by cytokines, with TNFa having no effect, IL-1b leading to downregulation of TXNIP transcript levels, and IFN-g inducing expression in INS-1 bcells and primary islets [78] . The distinct and partly opposing effects of (Figure 1 ). Thus, miRNAs may mediate negative feedback to prevent pathologic hyperactivity and to restore homeostasis once stress resolves. Alternatively, activation of a given miRNA may inhibit negative regulators of a signaling pathway and could thereby promote an irreversible activation of a signaling pathway and contribute to disease. For instance, miR-19a-3p has been shown to be decreased in diabetic patients. Overexpression of miR-19a-3p promoted cell proliferation and insulin secretion, while it suppressed the apoptosis of pancreatic b-cells. Furthermore, the levels of suppressor of cytokine signaling 3 (SOCS3) are increased in diabetic patients, and are inversely correlated with the miR-19a-3p level, suggesting that the downregulation of miR-19a-3p during metabolic stress leads to the upregulation of SOCS3, which may contribute to the dysfunction of pancreatic b-cells [81] . SOCS3 is also targeted by miR-483, which protects b-cells against proinflammatory cytokine-induced apoptosis.
This effect is corroborated by the correlation between increased miR-483 expression and the expanded b-cell mass observed in the islets of prediabetic db/db mice. This study also suggests that miR-483 has opposite effects in a-and b-cells by targeting SOCS3, and the imbalance of miR-483 and its targets may therefore play a role in the etiology of diabetes [82] . A third miRNA that has been reported to directly regulate SOCS3 via its 3 0 -UTR is miR-185. Overexpression of miR-185 enhanced insulin secretion from pancreatic b-cells, promoted cell proliferation and protected cells from apoptosis. Contrary to miR-185's protective effects, SOCS3 significantly suppressed functions of b-cell and inactivated STAT3 pathway. When treating cells with miR-185 mimics in combination with SOCS3 overexpression, the inhibitory effects of SOCS3 were reversed [83] . These studies highlight the tight control of this inhibitory cytokine signaling molecule by multiple conserved miRNAs, thereby preventing its hyperactivity and/or contributing to signal resolution following activation by inflammatory signals.
ARE MIRNAS PART OF A THRIFTY GENOTYPE?
As discussed above, the ablation of all miRNAs in pancreatic b-cells by genetic deletion of Dicer results in progressive hyperglycemia through impaired insulin secretion leading to glucose intolerance and ultimately the development of diabetes [18e21]. Interestingly, genetic inactivation of miR-375, the most abundant miRNA in the developing and adult endocrine pancreas, revealed that it is essential for maintaining normal b-cell mass in unstressed conditions and for the hypertrophic response of b-cells during metabolic stress in obesity [15] . This phenotype therefore represented a partial phenocopy of the pancreatic b-cell-specific DicerKO mice and suggested that the Dicer defect could be explained by the synergistic action of several b-cell miRNAs, each contributing to the defect in pancreatic b-cells when inactivated.
Interestingly, this additive or synergistic model of 'positive miRNAs' did not hold up when miR-7a and miR-200 function was studied in b-cells.
miR-7a2KO mice exhibit enhanced insulin secretion upon glucose stimulation whereas overexpression impairs insulin gene expression and secretion [51] and genetic deletion of the miR-200 family protects b-cells from apoptosis during metabolic stress whereas overexpression initiated massive apoptosis [77] . As illustrated in Figure 2 , these genetic studies provide strong evidence that miRNAs in b-cells exert both positive and negative regulatory functions, but it also raises the question of why the endocrine pancreas expresses two evolutionarily conserved miRNA families, each comprising several unlinked paralogues, that exert strong negative influence on b-cells. A possible explanation is that these miRNAs evolved and their expression in bcells was maintained during evolution because they served the advantageous function of protecting humans and other mammals from increased insulin secretion (and therefore hypoglycemia) during historical periods of famine [84] . It is worth recollecting that, during evolution, hypoinsulinemic states would have a stronger adverse impact on reproduction and survival than hyperinsulinemic conditions. Scientific proof of this concept is difficult to obtain, although the potentially advantageous functions of a seemingly detrimental miRNA could be tested in the case of miR-200KO mice, which are resistant to apoptosis following metabolic stress. Pregnancy imposes a state of metabolic stress that is known to temporarily increase b-cell mass during gestation, followed by a return to non-pregnant levels through apoptosis. The expectation would be that, as apoptosis is impaired in miR-200KO mice following pregnancy, these mice would have progressively increasing pancreatic b-cell mass leading to the development of relative hyperinsulinemia after multiple pregnancies, which may result in smaller litter sizes when exposed to a calorie restriction compared to dams that express miR-200. In order to provide support for a 'thrifty miRNA hypothesis' it will also be important to investigate if certain miRNAs (i.e. miR hyperinsulinemia are initially mild, after a few weeks turn into a b-cell decompensation phase with loss of insulin synthesis and secretion and ketone acidosis [85] . Together, such studies may shed light if miRNAs with negative influence on b-cell function could have played an advantageous role in historical famines.
CIRCULATING MIRNAS FROM ENDOCRINE PANCREATIC CELLS
miRNAs have also been detected in blood, where they are present in plasma, platelets, erythrocytes, and nucleated blood cells. Plasma miRNAs are remarkably stable, even under long-term storage conditions at room temperature, multiple freezeethaw cycles, boiling, and a broad spectrum of basic and acidic pH [86, 87] . Plasma miRNAs are packaged in microparticles (exosomes, microvesicles, and apoptotic bodies) [88, 89] or associated with RNA-binding proteins (Argonaute2 (Ago2)) [90] or lipoprotein complexes (high-density lipoprotein [HDL]) [91] that protect them from degradation by RNases. Recent studies have suggested that miRNAs are selectively secreted from tissues in response to specific stimuli and are taken up by a distant target cell, where they regulate gene expression by canonical miRNA signaling and contribute to inter-organ communication [92] . However, this concept of 'miRNA hormonal signaling' has not been proven unequivocally. It would be important to substantiate any claim of miRNAs as secreted messengers by demonstrating circulating miRNA uptake in recipient organs and enrichment of Ago engagement using unbiased approaches such as RNA Seq. Furthermore, the physiological relevance of such signaling is unproven considering the low plasma concentrations, rapid renal clearance and minute uptake of miRNAs in tissues [93, 94] . Another area of study proposes that circulating miRNAs may serve as serum biomarkers because of their characteristic expression in different tissues and disease states [95] . For example, high dose STZ administration leads to increased circulating miR-375 levels prior to the onset of hyperglycemia. Levels of miR-375 were also increased before the onset of diabetes in the NOD mouse, a model of autoimmune diabetes [96] and in human T1D subjects, but not in maturity onset diabetes of the young (MODY) and T2D patients that only exhibit mild b-cell demise over a long period of time [47] . These observations therefore suggest that circulating miR-375 can be used as a marker for b-cell death and as a potential predictor of diabetes in conditions with acute and profound b-cell destruction.
However, although miR-375 is highly enriched in the endocrine pancreas, it has also been detected in neuroendocrine cells of the intestine, skin and lung, as well as goblet cells, thyroid and adrenal glands, which may therefore be significant sources of circulating miR-375. Indeed, Latreille at al. found that plasma miR-375 levels in mice that exclusively express miR-375 in b-cells correspond to approximately 1% of miR-375 levels found in wildtype mice [47] . Furthermore, in apoE-deficient mice, miR-375 belonged to the most highly differentially regulated blood miRNAs [91] . Conversely, plasma miR-375 levels are reduced in obese mouse models (HFD and ob/ob on C57BL/6 background) that exhibit increased pancreatic b-cell function, proliferation and absence of apoptosis. Together, this indicates that miR-375 levels in the blood are influenced by multiple processes, including production/secretion by multiple cell types, renal clearance, metabolic stress and possibly inflammatory responses, thus making it challenging to exploit circulating miR-375 levels as a biomarker for bcell pathology.
MIRNA THERAPEUTICS
The inappropriate miRNA expression that has been linked to a variety of diseases forms a reasonable rationale for the pharmacological interference with miRNA expression. Various approaches to increase and decrease miRNA function or abundance have been developed; expression of small RNAs in cells has become a routine procedure through transient or stable transfection or viral transduction of primiRNA transgenes, pre-miRNAs, mature miRNA/miRNA * , small interfering RNA (siRNA) or short hairpin RNAs [97, 98] . Replenishing miRNA as modified dsRNAs in tissues where expression is lost or reduced has been attempted in vivo as single and multiple dose administrations. However, data from these studies showed that sustained target regulation was difficult to achieve even when high doses were given, due to inefficient delivery or degradation of the synthetic RNA [99] . miRNAs can be inhibited by short, single-stranded RNA or DNA molecules that bind to miRNAs by WatsoneCrick base pairing or miRNA 'decoys' [100] or 'sponges' [101] to reduce the activity of specific miRNAs [102] . Antagomirs were the first miRNA inhibitors that were shown to have activity in mammals [103] . They are synthetic antisense oligonucleotides (ASOs) that contain 2 0 -O-methyl-modified ribose sugars, terminal phosphorothioates and are conjugated at the 3 0 end with a cholesterol molecule, which facilitates delivery in cells by associating with lipoproteins and binding to cell surface membrane receptors such as the scavenger receptor BI for high-density lipoproteins and low-density lipoprotein receptor (LDLR) for low-density lipoproteins [104, 105] . Alternative RNA chemistries have also been successfully used to inhibit miRNAs in vitro and in vivo. These chemistries include 2 0 -O-methoxyethyl, 2 0 -fluoro and 2 0 ,4 0 -methylene (locked nucleic acids (LNAs)), and have been shown to exhibit greater affinity to miRNAs and stability than 2 0 -O-methyl RNA oligonucleotides [106e108] . Antagomirs localize to the cytoplasm and do not affect pre-miRNA levels, suggesting that they target the mature miRNA. Their mode of action is through high-affinity base pairing with miRNAs, which prevents the binding of miRNAs to their target transcripts. Antagomirs can also induce miRNA degradation by the 'tailing-andtrimming pathway', in which highly complementary target RNAs trigger both tailing and trimming of miRNAs, which ultimately decreases their abundance [106e110]. Antisense oligonucleotides have been studied in vitro and in vivo for their ability to silence miRNAs in pancreatic islets. Unpublished studies from our own group indicate that the endocrine pancreas does not readily take up conjugated or unconjugated miRNAs when injected at high doses (3 Â 80 mg/kg) in mice. Uptake of ASOs is also quite inefficient in isolated pancreatic islets in vitro and miRNA inhibition could only be achieved at high ASO concentrations and prolonged exposure, which frequently resulted in toxicity and enhanced apoptosis.
One application for pharmacological intervention in miRNAs involved in metabolism may be for the generation of endoderm and insulinproducing cells through differentiation of induced pluripotent stem cells that can be generated from the reprogramming of skin fibroblasts [111] . Substitution of highly expressed b-cell miRNAs and/or silencing of dominant non-b-cell miRNAs (i.e. the liver miR-122 or neuronal miR-124) may affect the ability of multipotent stem cells to differentiate into insulin-positive cells. Evidence that such approaches indeed promote b-cell differentiation come from virusmediated overexpression of miR-375 in human skin fibroblastderived induced pluripotent stem cells (iPSCs), which was sufficient to trigger their differentiation into insulin-expressing cells and allow glucose-dependent insulin secretion in vitro [112] . Overexpression of miR-186 and miR-375 by chemical transfection of human iPSCs promoted islet-like cell cluster formation and induced b-cell lineage markers [113] . Furthermore, human embryonic stem cells with induced overexpression of miR-410 and miR-495, prior to differentiation into endoderm, led to improved glycemic control when transplanted in mouse models of gestational or T2D [114, 115] . These studies demonstrate that miRNAs can direct developmental decisions and promote differentiation of distinct cell lineages and may be exploited therapeutically in stem-cell-based approaches aiming to replace differentiated endocrine cells for the treatment of diabetes.
In conclusion, miRNAs play essential roles in the function, differentiation, proliferation, and survival of pancreatic b-cells. 
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